Abstract: Performance improvement of a broadcast-and-select (B&S) optical switch based on an electro-absorption modulator (EAM)-gate array is presented. The introduction of a novel spot-size converter (SSC) with an easy fabrication process reduced the optical coupling loss between the switch's waveguide array and input/output fibers and enhanced the optical-coupling tolerance for misalignment as the SSC properly expands the waveguide's mode field as well. In addition, the electrical crosstalk, which causes undesirable changes in the output power from different switch ports, was suppressed by the simple addition of a grounded electrode that covers the surface of passive waveguides, instead of employing a complicated regrowth process, as is usually done for electrical isolation between EAMs. A 4 Â 4 B&S optical switch module has been fabricated with these improvements and has successfully exhibited low insertion loss (< 15.3 dB), little variation in insertion loss, a fast switching time (< 8 ns), low power consumption (< 3 W), and a high extinction ratio (∼50 dB).
Introduction
Data center (DC) network traffic has dramatically increased with the rapid growth of internet, mobile, and cloud computing services, making it difficult for DC networks to cope with many essential requirements such as high throughput, low latency, scalability, flexibility, and low power consumption. The typical network architecture of a hierarchical fat-tree has been therefore replaced by switch fabric architectures (spine-leaf). In such fabric networks, the network throughput, flexibility and latency are improved by setting multiple paths among the top-of-racks (ToRs), aggregation, and core switches while applying load balancing. However, it is difficult for conventional electrical packet switching (EPS)-based DC networks to enhance the scalability and reduce power consumption because the number of links would increase excessively as the data center scales out.
On the other hand, strong attention is being directed toward photonic DC networks where optical circuit switching (OCS) and/or optical packet switching (OPS) technologies have been introduced. Several approaches have been proposed for realizing photonic DC networks, including the combination of conventional EPS and OCS [1] , [2] , and, more recently, the combination of OPS and OCS [3] - [5] . OPS technology, which relies on high-speed all-optical switches, provides low latency, good connectivity and high power efficiency. Particularly, an OPS network is suitable for small data transmission [6] , [7] , whereas an OCS network is suitable for huge data transmission, and can alleviate the EPS/OPS traffic by offloading long-lived data. Although such EPC/OCS or OPS/OCS hybrid approaches are attractive for coping with the diversity of services demanded in DCs, different hardware platforms with different sets of control should be deployed. Meanwhile, we have recently proposed a photonic DC network based on a torus topology that provides the advantages of high scalability, good connectivity, and robust link-redundancy [8] - [10] . This DC network is enabled by the hybrid optoelectronic router (HOPR) shown in Fig. 1 , where the OPS, OCS, and virtual OCS schemes are simultaneously supported on a unified hardware platform equipped with an OpenFlow controller. Although such EPC/OCS or OPS/OCS hybrid approaches are attractive for coping with the diversity of services demanded in DCs, different hardware platforms with different sets of control should be deployed. Meanwhile, we have recently proposed a photonic DC network based on a torus topology that provides the advantages of high scalability, good connectivity, and robust link-redundancy [8] - [10] . This DC network is enabled by the hybrid optoelectronic router (HOPR) shown in Fig. 1 , where the OPS, OCS, and virtual OCS schemes are simultaneously supported on a unified hardware platform equipped with an OpenFlow controller.
One of the key devices in HOPR is an N Â N optical switch, which is used for forwarding the incoming optical packets to the desired output ports [11] . The optical switch must be transparent to bit-rate (10-400 Gb/s), packet format (coherent, WDM), wavelength and polarization. And it should also provide fast switching, high power efficiency, high extinction ratio, low crosstalk, ease of controllability and compactness. To meet these requirements, various optical switches have already been demonstrated including matrix switches that consist of cascaded 1 Â 2 switches [12] , phased-array switches [13] , wavelength routing switches [14] , and broadcastand-select (B&S) switches [15] . Among them, the B&S switch is attractive because it can meet most of the requirements. In a previous work, we have developed a compact B&S optical switch module based on a monolithically integrated electro-absorption modulator (EAM)-gate array [16] . However, some remaining issues needed to be handled, including the demand for enhancing the optical power coupling to the device and the suppression of the electrical crosstalk that occurs among its electrodes.
In this paper, we present novel approaches for solving the above-mentioned issues in an EAM-based B&S optical switch. The coupling loss and loss deviation among the switch output ports are mitigated by introducing spot-size converters (SSCs) that can be easily fabricated. Moreover, the electrical crosstalk among neighboring EAMs is eliminated by the simple addition of a grounded surface electrode that covers the MMI couplers. Section 2 describes the basic design of the optical switch device and its fundamental characteristics. In Section 3, we describe our approach for improving the optical-coupling efficiency and for eliminating the electricalcrosstalk. In Section 4, we demonstrate these improvements with a fabricated B&S optical switch module. The paper is then concluded in Section 5.
Structure and Fundamental Characteristics of Device
The B&S switch is attractive as they have a capacity for unicast/multicast/broadcast forwarding with its easy controllability. However, because of its large insertion loss, which is mainly due to intrinsic splitter loss, the B&S switch suffers from poor port count scalability. To compensate for this loss, the B&S switch usually employs semiconductor optical amplifiers (SOAs) as optical gates. However, the SOA severely degrades the optical signal quality due to the large ASE noise, pattern dependence (gain saturation), and nonlinear effects (four-wave mixing and crossgain modulation), especially for WDM packets. Moreover, a switch based on SOA gates requires a high-speed driver with large-current modulation, which consumes a lot of power. To solve these problems, we have previously proposed an EAM-based B&S optical switch as a replacement for the SOA deployment [16] , and demonstrated good switching operation, where the optical signal does not suffer from any undesirable effects. In addition, even when EDFAs are included for loss compensation, the entire optical switch consumed much less power than the SOA-based switch because the reverse-biased EAM and its driver operate with very low power. Fig. 2 shows a photograph for four fabricated 1 Â 4 EAM-gate arrays monolithically integrated on a single chip where the total chip size is 4.3 mm Â 1.9 mm. The device is realized on an n-doped InP substrate by single metal-organic vapor-phase epitaxy (MOVPE) growth, and it has a p-i-n double hetero-junction structure with a 0.4-m thick bulk InGaAsP ðgap ¼ 1:4 mÞ layer as the junction core. The EAM section has a shallow-ridge waveguide structure, whereas the passive waveguide section has deep ridge to allow a small bending radius. The bulk InGaAsP is used as the core layer for both waveguides, and it also acts as the electro-absorption layer for the EAM section that is based on the Franz-Keldysh (FK) effect. Fig. 3 shows the transmission spectrum of the device. The total insertion loss for the TE and TM modes is around −15 dB when using a lensed fiber with a numerical aperture of 0.6, and the device exhibits a low wavelength-dependent loss in the C-band. With a normally-on state in the EAM-based switch operation, the bulk active layer is transparent and polarization-insensitive for a wide range of wavelengths, even when the operating temperature changes greatly. In contrast, with a normallyoff state in the SOA-based switch operation, the gain of an SOA-gate depends on temperature, because the SOA relies on carrier injection to realize the on-state needed for signal transmission. Fig. 4 shows the transmittance for four ports with a bias variation. When the reverse bias is around −7 V, all the output ports exhibit a high extinction ratio of around 50 dB.
Improvement of Optical Switch

Coupling Loss Reduction
A set of micro-lenses has been used to obtain an optical fiber array coupled to the waveguidearray of a switch and thus fabricate a compact switch module (see Fig. 9(b) ) [16] . However, in a previous work, a high coupling loss and loss variation among the waveguides were observed mainly due to the large and asymmetric numerical aperture (NA) of the shallow-/deep-ridge waveguide structure ðNA $ 0:8Þ. To reduce the coupling loss and improve the alignment tolerance, SSCs are introduced to reduce the waveguide's NA by expanding its optical mode field. Fig. 5 shows the SSC fabrication process, where a buried waveguide structure was selected to realize the SSC because it can be easily integrated without the need for several regrowth steps [17] . First, the contact layer was removed from the buried waveguide area, and a deep-ridge waveguide was fabricated by dry etching. Then, the width of the core layer in the resulting waveguide was reduced by employing selective wet etching for the InGaAsP of the core. The core width is an important parameter for controlling the mode field of the buried waveguide because a reduction of the core size reduces the optical confinement, and thus, the mode field is expanded resulting in a smaller NA. In this work, to achieve a symmetric NA of 0.5, the core Finally, by using a p-InGaAsP contact-layer mask, the regrown InP layer was removed from everywhere other than the SSC area. This fabrication process enables easy integration of the ridge waveguides and SSC in a single regrowth step. Fig. 7 shows the normalized excess coupling loss resulting from the misalignment of buried and deep-ridge waveguides with a lensed fiber with an NA of 0.6. The results shown are normalized to the minimum insertion loss achieved with the best alignment i.e., without an offset. With a deep-ridge waveguide without an SSC, excess losses of 4.8 and 5.4 dB were obtained for a 1-m offset in the lateral and vertical directions, respectively. However, after integrating the SSC, an excess loss of 3.6 dB was observed for a 1-m offset in both the lateral and vertical directions. These results showed that a symmetric and expanded mode field was obtained by introducing SSCs. The SSC can thus reduce the insertion loss and loss deviation among all the switch ports.
Suppression of Electrical Crosstalk
The integrated EAM and passive waveguide sections share the same p-cladding layer [7] . Therefore, when a voltage is applied to a given EAM, it affects the other EAMs through the passive waveguide section (see MMI section in Fig. 2) , causing an undesirable change in the output power from the other switch ports (shown in Fig. 8 ) due to the electro-absorption caused by the FK effect in the passive waveguide section. To eliminate such electrical crosstalk, each EAM should be electrically isolated from the others, and one way to achieve this is to realize a highimpedance surface for the waveguides by using Fe-doped InP instead of a low-impedance p-clad layer by incorporating an additional step in the regrowth process. However, the fabrication process becomes more complicated, and the propagation loss of the optical waveguides is affected. Thus, to avoid this fabrication process, in our previous work, the crosstalk was eliminated by injecting an additional CW assist light into the device, where the photocurrent generated by the CW light reduces the electric potential of the passive waveguide [16] . Although this method was effective as regards the electrical crosstalk, an additional light source is needed. Here, the crosstalk is suppressed in a more convenient way by the simple addition of surfaceground electrodes that cover the MMIs of the passive waveguide section where there is no longer any need for either the complicated fabrication process or the assist light. Fig. 9 shows the effect of adding the ground electrode. The output power from the two ports are plotted with solid and dotted lines, where the surface electrode is connected to and disconnected from the common ground, respectively, whereas the EAMs of ports "A" and "B" were supplied with 0 and −7 V, respectively. When the surface electrode was not grounded-kept electrically floating-an undesirable change of −13.3 dB in the TE-mode output power due to an electrical crosstalk was observed at port "A." However, after connecting the surface electrode to the common ground, this excess loss was dramatically reduced to −0.7 dB, and the extinction ratio between the high and low output levels was enhanced to 48 dB irrespective of the input power. On the other hand, the small change in the output power at port "B" is due to the change in the effective modulation length after adding the surface ground. Thus, the simple addition of the grounded surface electrode is successful in suppressing the electrical crosstalk. Fig. 10(a) shows a photograph of an optical switch module that consists of four 1 Â 4 B&S units, where a device that monolithically integrates four 1 Â 4 EAM-gate arrays (see Fig. 2 ) is mounted at the center of the module. The 4 input and 16 output ports of the device are coupled to optical fiber arrays placed in V-grooved blocks by using a micro-lens array. Fig. 10(b) shows a schematic illustration of a 4 Â 4 optical switch subsystem. Based on the optical switch module that is shown attached to the electrical control board, and which contains an field-programmable gate array (FPGA), the 4 Â 4 optical switch was constructed by combining signals originating from separate input ports with four 4 Â 1 passive couplers to form four switch outputs. Fig . 11 shows the insertion loss characteristics of the module, including the coupling loss between optical fibers and the micro-lens array at a wavelength of 1550 nm and for the TE and TM modes, respectively. The insertion loss of the TE and TM modes lies between 13.7-15.3 dB, and this includes a 6-dB inherent loss for the 1 Â 4 splitter, and a 7-dB coupling loss that combines the SSC loss and the coupling loss of the input/output fibers with microlens arrays. The deviation of the insertion loss among different switch ports is less than 1.6 dB and the polarization dependent loss (PDL) is less than 0.9 dB. The 16 EAM-gates are controlled by signals which is generated by the FPGA and provided via drivers (non-blocking: 0 V, blocking: −7 V). Fig. 12 shows a typical switching waveform of the module, where switching rise and fall times (10-90%) of less than 8 ns and 1 ns, respectively, have been achieved. As the voltages from the drivers can be adjusted independently, the output optical power can be equalized among all the 16 outputs of the module. The total power consumption of the module is less than 3 W; including the power consumed by the FPGA. Despite the need for a large voltage swing of 7 V, the driver consumed little power because it supplied an extremely small current since the EAM acts as high impedance in a lumped circuit. Table 1 summarizes the optical switch module characteristics. 
Optical Switch Module
Conclusion
Two novel approaches for improving the performance of an EAM-based B&S optical switch have been demonstrated. This includes the introduction of integrated spot-size converters (SSCs) that are realized with an easy fabrication process. By expanding the waveguide's mode field, the SSCs have reduced the coupling loss between the switch's waveguide-array and input/output fiber-array and have enhanced the optical-coupling tolerance for misalignment. Moreover, to eliminate the electrical crosstalk in the device, we have proposed and demonstrated a simple solution based on realizing a surface grounded electrode. This simple approach overcomes the need for the complicated and time-consuming regrowth process usually followed to isolate the EAMs of the device. Based on the enhanced device, we have fabricated a complete 4 Â 4 B&S optical switch module, including the electrical controlling board, and demonstrated the resulting improvement in the switch performance. The new approaches enable us to realize an optical switch module not only with high performances but with a low fabrication cost as well.
